Poly(ADP-ribose) polymerase 1 (PARP1) interacts genetically with the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to suppress early-onset T-lineage lymphomas in the mouse, but the underlying mechanisms have remained unknown. To address this question, we analyzed a series of lymphomas arising in PARP1
INTRODUCTION
Poly(ADP-ribose) polymerase 1 (PARP1), the founding member of a family of 22 proteins containing a PARP domain, 1 has evolved pleiotropic functions in DNA repair and other cellular processes 2, 3 (see http://parplink.u-strasbg.fr/index.html for a comprehensive web-based resource). In the context of DNA double-strand breaks (DSBs), PARP1 modifies histones and DNA repair factors to relax chromatin and promote the recruitment of the MRE11/RAD50/ NBS1 complex and other factors. [4] [5] [6] Consistent with this notion, PARP1
À / À cells show a modest defect in the DNA DSB repair by homologous recombination. [6] [7] [8] Among numerous substrates, PARP1 modifies the DNAdependent protein kinase catalytic subunit (DNA-PKcs), 9, 10 a phosphoinositide-3 kinase-like serine/threonine kinase that associates to DNA-bound Ku to promote repair by ligase IV-dependent nonhomologous end-joining. 11, 12 Consistent with defective DSB repair, mice deficient for either DNA-PKcs or PARP1 share phenotypes of radiosensitivity and chromosomal instability, particularly after exposure to DNA-damaging agents. [13] [14] [15] [16] Moreover, PARP1 suppresses mutation in vitro and in vivo, [17] [18] [19] and loss of PARP1 accelerates tumorigenesis in p53
þ / À mice. 20 Similarly, the subset of human lung adenocarcinomas harboring mutations in DNA-PKcs show a marked increase in genome-wide mutation, 21 a finding that correlates with worse clinical outcome. 21 However, despite increased chromosomal instability, PARP1
À / À and DNA-PKcs À / À mice are only modestly tumor prone, [22] [23] [24] [25] in line with mostly preserved cell cycle checkpoint functions. 14, 26 In contrast, mice lacking PARP1 in a scid background (harboring a truncated inactive DNA-PKcs 27, 28 ) develop aggressive lymphomas early in life with high penetrance. 29 These findings suggest that combined deficiency confers a novel phenotype leading to thymocyte transformation, but specific mechanisms remain unknown. In this context, DNA-PKcs is required for the processing of recombination-activating gene (RAG)-dependent DSBs at antigen-receptor loci, 30 and loss of PARP1 may promote their aberrant repair to form oncogenic translocations. 31 In addition to their roles at DSBs, PARP1 and DNA-PKcs cooperate with the shelterin complex to maintain telomeres. 32 In this context, chromosome ends lacking DNA-PKcs may be aberrantly rejoined to each other to form telomere fusions (TFs). [33] [34] [35] [36] [37] In addition, 'uncapped' telomeres may be rejoined to DSBs elsewhere in the genome. 38 These events are rare in primary scid or DNA-PKcs À / À cells, 16, 33, 34 but frequent in passageimmortalized scid cells, 33 suggesting that p53 and possibly other factors normally suppress them. However, telomere dysfunction was not reported in previous studies of lymphomas arising in scid, scid/p53 À / À or PARP1 À / À /scid mice, 23, 24, 29, 39 and therefore, its contribution to in vivo tumorigenesis remains to be established. Moreover, PARP1 binds to the shelterin factor TRF2 40 and suppresses telomere instability in primary and lymphoma cells, 20, 40, 41 suggesting that PARP1 loss may modulate telomere dysfunction in DNA-PKcs-deficient cells.
Here we set to test the notion that PARP1 À / À /DNA-PKcs À / À (P1 À / À /D À / À ) lymphomas arise from aberrant rearrangements of RAG-dependent DSBs at antigen-receptor loci to form oncogenic translocations. Our studies below disproved that hypothesis and demonstrate for the first time a synergism between PARP1 and DNA-PKcs in the suppression of p53 mutation and telomere dysfunction in developing lymphocytes.
RESULTS

P1
À / À /D À / À tumors lack chromosomal translocations with breakpoints at antigen receptor loci and are markedly aneuploid In agreement with previous analyses of PARP1 À / À /scid mice,
29
P1
À / À /D À / À mice are viable, but severely growth retarded (Supplementary Figure S1a) and succumb early in life to aggressive thymic lymphomas (Supplementary Figure S1b) . Phenotypic analysis of lymphomas revealed large lymphoblasts (Supplementary Figure S1c) that typically expressed T-cell surface markers CD4 and/or CD8 (Supplementary Figure S1d) .
DNA-PKcs À / À pro-T cells fail to process RAG-dependent hairpin-sealed coding ends at antigen-receptor loci. 30 In a checkpoint-deficient background, these persistent DNA ends represent a potential substrate for oncogenic translocation. 42, 43 To investigate a role for defective V(D)J recombination in the transformation of P1
thymocytes, we painted chromosomes 14, 6 and 13 (containing the RAG targets T-cell receptor (TCR)a/d, TCRb and TCRg loci, respectively) in metaphase spreads of P1 À / À /D À / À lymphomas (Supplementary Table S1 and Supplementary Figure S2 ). These analyses indicated lack of clonal reciprocal translocations involving these chromosomes in five P1 (Supplementary Table S1 and Supplementary Figure S2a) . Instead, chromosome painting revealed frequent trisomies and/or tetrasomies of chromosomes 14, 12, 6 and 13 in several P1 Supplementary  Figures S2a and b) . Aneuploidy was not the result of our brief in vitro culturing, because analysis of DNA content by flow cytometry of propidium-iodide-stained fresh tumor cells similarly revealed several discrete 'peaks' in several tumors (Supplementary Figure S2c) . Aneuploidy was in some cases associated with centrosome amplification (Supplementary Figure S2d) and appeared specific to tumor cells, as we failed to observe numerical abnormalities in metaphases spreads of primary P1 Supplementary Figures S2e and f) .
PARP1 deficiency leads to frequent mutation at the p53 locus in DNA-PKcs À / À thymocytes Lymphomas arising in scid mice show intact p53 function. 23 Our observations above of aneuploidy and centrosome amplification, often associated to p53 deficiency, 44 led us to investigate whether loss of PARP1 may result in a novel phenotype of acquired p53 inactivation during lymphomagenesis. Indeed, we detected high baseline p53 expression in 13/19 (68.4%) P1
À / À /D Figure S3a, right blot) . In contrast, p53 was detected in TL#28 only after irradiation ( Figure 1a , left blot), suggesting that this tumor maintains wildtype (wt) p53. Finally, TL#11B showed low-baseline p53 expression that was further induced upon irradiation ( Figure 1a , left blot), suggesting that subpopulations containing wt and mutant p53 may coexist in this tumor (see below). In human and mouse cells, p53 is often inactivated by missense mutations in exons 5-9, encoding its DNA-binding domain. 45 Sequencing of exons 5-10 of tumor genomic DNA, as well as exons 2-11 of p53 in tumor cDNA, revealed alterations in five lymphomas (Supplementary Table S2 ). Three tumors contained a missense point mutation (one transition and two transversions). Of these, the mutations in TL#16B and TL#5 resulted in abnormal p53 accumulation ( Figure 1a and Supplementary Figure 3Sa) , whereas the mutant in TL#2 was not detectable by immunoblotting (Supplementary Figure S3a) , consistent with previous findings that this mutation yields an unstable protein. 46 The remaining two mutations were more complex. TL#98 harbored an in-frame 5-11 microindel in exon 7 (net change, 6-bp loss; Supplementary Table S2) that resulted in the loss of C235 and C239 (C238 and C241 in human p53), two cysteines that mediate protein dimerization in response to DNA damage. The second tumor (TL#39) contained a 410-bp deletion encompassing exons 5-8 that resulted in a truncated cDNA (Figure 1b , marked by an asterisk) and protein ( Figure 1a , right blot, marked by asterisk; Supplementary Table S2) .
Consistent with our molecular analysis, TL#16B, TL#39 and TL#98 with mutant p53 failed to undergo G1/S arrest in response to ionizing radiation (IR; Figures 1c and d) . In contrast, TL#28 with IR-inducible p53 underwent rapid G1/S arrest and death after irradiation (notice sub-G1 peak in Figure 1d ). Irradiation induced both sub-G1 and G2/M peaks in TL#11B (Figures 1c and d) , consistent with the presence of subclones with differing p53 status within this tumor.
Deletion of p19/Arf results in inactivation of the p53 pathway in immortalized mouse cells. 47 As expected, 48 p19/Arf transcription was repressed in wt thymocytes (Figure 1e, lane 1) . In contrast, p19/Arf cDNA of the expected size was present in 17/17 lymphomas examined (Figure 1e and data not shown), excluding a large deletion of this locus and indicating that p19 expression is dysregulated in P1
À / À /D À / À lymphomas. Moreover, significantly higher p19/Arf expression was observed in TL#16B, TL#98 and TL#39 with p53 alterations (Figure 1e and Supplementary Figure  S3b ), in line with previous observations that p53 is a negative regulator of p19/Arf transcription. 49 We conclude that PARP1 normally suppresses p53 mutations (and other alterations) that lead to p53 inactivation in DNA-PKcs-deficient thymocytes. Figure S4 for a representative example). In contrast, we observed no q-to-q or p-to-q 'chromosome-type' TFs or 'chromatid-type' TFs, likely because they are unstable upon division. However, we documented rare chromosomal rearrangements containing interstitial telomeric sequences (Figure 2d ), which may have originated during breakage-fusion-bridge cycles of dicentrics, or by other mechanisms. Furthermore, TFs coexisted with Robertsonian translocation and reciprocal translocations in some tumor cells (see Figure 2c , yellow arrow, for a complex aberration resulting from the fusion of a TF and a Roberstonian translocation). Spectral karyotyping (SKY) analysis of tumor metaphases (n ¼ 143 independent TFs in 9 tumors) demonstrated that all mouse chromosomes are represented (Figure 2e ), consistent with previous findings that acrocentric chromosomes are preferentially involved in TFs. 50 Finally, we assessed the effect of combined deficiency on average telomere length and length distribution using quantitative T-FISH (Figure 2f ). We observed a wide range of average telomere length across individual tumors (from 29.7-96.7 kbp). As previously described for thymic lymphomas arising in Atm À / À mice, 51 telomeres of P1 À / À /D À / À lymphoblasts were in some cases longer than those of control primary P1
À / À /D À / À cells of the same genetic background, possibly related to variable levels of telomerase expression in the transforming thymocytes. Telomere length followed in all cases an approximately normal distribution, suggesting that, like PARP1
À / À lymphomas likely maintain their telomeres via telomerase. Specifically, we did not observe subsets of very long or very short ('signal free') telomeres, a hallmark of telomere maintenance via telomerase-independent alternative lengthening of telomere. 52 Clonal TFs in tumors with wt p53 TFs may promote tumorigenesis by interfering with normal segregation, leading to chromosome gains and/or losses and, if advantageous to the tumor, clonal selection. To start investigating the relationship between TFs and aneuploidy, we next performed sequential T-FISH/SKY analysis on nine P1
À / À /D À / À lymphomas (Table 1, Figure 3 and Supplementary Figure S5 for additional examples). We observed two main patterns of TFs. Three tumors (TL#28, TL#11B and TL#45) contained one clonal TF and no or rare random TFs. Of these, TL#28 and TL#11B showed IR-inducible p53 expression, consistent with a functional 53 pathway. The p53 status of TL#45 is undetermined. This tumor had normal p53 DNA and cDNA sequence, and did not express an abnormal protein. However, it did not grow in culture and therefore, we were not able to perform a functional assay for p53 activation. A second group of tumors (TL#16A, TL#98, TL#21A, TL#16B, TL#39 and TL#11A) contained several clonal/subclonal fusions and frequent random fusions; five out of six tumors in this group harbored a mutant p53. Altogether, these findings suggest that p53 limits, but does not completely suppress TFs in transformed thymocytes.
TFs result in aneuploidy
We next examined whether defective disjunction of fused chromosomes may contribute to alterations in chromosome copy number. Consistent with our chromosome painting studies above, the SKY analysis revealed aneuploidy in all P1 Figure 3c for chromosome gains, Supplementary Figure S6a for chromosome losses), with chromosomes 14 and 15 involved most frequently (seven out of nine and nine out of nine tumors, respectively). As expected, aneuploidy was more marked in tumors with mutant p53, and chromosome gains were overall more frequent than chromosome losses.
To investigate whether chromosomes involved in TFs are more likely to be aneuploid, we determined, for each chromosome involved in a TF, whether it had normal or abnormal copy number ( Table 2) . As a control, we performed the same analysis on chromosomes not involved in TFs from the same metaphases (Table 2) . These analyses demonstrated a strong correlation between participation in TF and trisomy. For example, clonal TL#11B  TL#16B  TL#21A  TL#28  TL#39  TL#59  TL#94  TL#98   bp   800   wt thymus  bp   800   TL#11B  TL#16B  TL#21A  TL#28  TL#39  TL#59  TL#94  TL#98   t=0  t=8 Table 2 ) further supported a strong correlation between TFs and aneuploidy.
Although an average of 8.7% of nonfused chromosomes were aneuploid (range, 4-16%), an average of 46% of fused chromosomes in the same metaphases were aneuploid (range, 8-70.8%).
This difference was statistically significant (P ¼ 0.02) and suggests that the effects of p53 loss and TFs in the promotion of aneuploidy are separable.
Loss of PARP1 aggravates the repair defect in DNA-PKcs-deficient primary cells Our finding of p53 mutation is a subset of P1
lymphomas led us to hypothesize that PARP1 and DNA-PKcs have nonoverlapping roles in DSB repair. In this context, some previous studies reported that PARP1 loss/inhibition increases genomic instability in DNA-PKcs-deficient cells, 53,54 whereas others found otherwise. 29, 55 To address this question in our genetic model, we first compared organismal radiosensitivity in P1
À / À /D À / À and control mutants (Figure 4a and b) . The lethal dose 50 
of our PARP1
À / À strain is above 5 Gy, 56 whereas that of our DNA-PKcs À / À strain is approximately 3.5 Gy (Figure 4a ). À / À /D À / À mouse and from seven P1 À / À /D À / À lymphomas were stained with a Cy3-labeled telomere probe, and telomere signal intensity quantified using TFL-Telo and normalized to kilobase using reference cell lines (see Materials and Methods for details). Histograms were generated by pooling data from 10 metaphases. For each sample, the average and s.d. of the telomere length and the total number of telomeres measured are indicated.
Consistent with these data, P1
À / À and D À / À mice recovered from a single exposure to 3 Gy (Figure 4b) . In contrast, all P1
À / À / D À / À mice succumbed within 9 days after IR (Figure 4b ). To determine whether PARP1 deficiency increases radiosensitivity in DNA-PKcs À / À via its functions in the maintenance of genomic integrity, we next quantified chromosomal aberrations on metaphases of primary P1
À / À /D À / À and control lymphocytes via T-FISH, as described 57 (see Materials and Methods, and for the generation of B cells in a DNA-PKcs-deficient background). The frequency of metaphases containing aberrations was 0.0±0.0, 10 ± 8.8, 6.6 ± 3.3 and 31.1 ± 6.9 for wt, P1 À / À /D À / À cells). These differences were statistically significant (P ¼ 0.03 for P1
Similarly, the number of chromosomal aberrations per metaphase in the same cultures was 0 ± 0, 0.13 ± 0.13, 0.07 ± 0.03 and 0.64 ± 0.15 ( Figure 4c , Supplementary Table S3 ;
In addition, the number of metaphases containing aberrations and the frequency of aberrations per metaphase were also increased in double mutants exposed to 2 Gy of IR, relative to single mutants analyzed In activated B-cell cultures deficient for repair factors, a subset of broken DNA ends is aberrantly rejoined to a DSB in another chromosome to form a translocation. 57 To investigate the effect of combined deficiency for PARP1 and DNA-PKcs on aberrant rejoining, we also classified DNA ends in wt, P1
À / À , D À / À and P1 À / À /D À / À B-cell metaphases as either 'free (nontranslocated) ends' or 'translocated ends'. These studies were done in metaphases obtained 24 h after exposure to 2 Gy, to increase the number of translocation acceptors. We found that approximately one in every four broken DNA ends is aberrantly rejoined to form a translocation in these cultures, regardless of genotype (Supplementary Table S4 and Supplementary  Figure 7Sa , for example, of nontranslocated and translocated broken DNA ends). Thus, primary lymphocytes can rejoin broken DNA ends aberrantly to form a translocation in the absence of both PARP1 and DNA-PKcs.
The increased radiosensitivity and genomic instability observed above may reflect on a greater defect in repair per se and/or deficient checkpoint activation. To assess p53 activation in double mutant cells, we quantified p53 stabilization and apoptosis in 
PARP1 and DNA-PKcs in T-lineage lymphomagenesis I Rybanska et al intestinal crypt epithelial cells of wt and P1
À / À /D À / À mice 4 h after exposure to 10 Gy (Figures 4d-f ). Similar to previous findings in scid crypts 26 and our own analysis of D À / À crypts (not shown), the number of p53 þ cells was markedly increased in double mutant cells relative to their wt counterparts (Figure 4d and e) . Furthermore, the frequency of apoptotic cells was similarly increased (Figure 4e and f Figure S9) showed markedly enhanced p53 stabilization and apoptosis after irradiation. Altogether, these findings suggest that loss of PARP1 aggravates the DSB repair defect in DNA-PKcs À / À cells.
DISCUSSION
PARP1 and DNA-PKcs show weak tumor suppressor activity in the mouse. Yet, their combined deficiency leads to aggressive lymphomagenesis. Our analysis of chromatin context-dependent functions has now elucidated two main molecular mechanisms underlying this phenotype. First, loss of PARP1 markedly increases the selective pressure for inactivating mutations at the p53 locus (and possibly other loci) in DNA-PKcs-deficient cells, effectively disabling cellular checkpoints and making them tolerant to genomic instability and aneuploidy. Second, telomere dysfunction-induced structural and numerical abnormalities fuel genomic instability and clonal evolution in this model. Clonal reciprocal translocations, involving DSBs at TCR loci and/or 'random' DSBs, are the hallmark of thymic lymphomas arising in DSB-repair-deficient backgrounds. 43, [58] [59] [60] However, despite wellknown roles for DNA-PKcs in the processing of RAG-dependent coding ends and a subset of 'random' DNA ends, 16, 61 we find that
lymphomas typically lack clonal reciprocal translocations involving antigen-receptor loci or DSBs elsewhere. Instead, these tumors were invariably aneuploid. At least two independent mechanisms contributed to aneuploidy: mutations in p53 and defects in disjunction due to TFs.
In contrast to intact p53 status in scid lymphomas, 23 we find that most P1
À / À /D À / À lymphomas display abnormal p53 accumulation and/or sequence alterations. In line with previous studies in human cancers, 62 p53 mutations clustered in exons 5-8. Moreover, three out of five tumors contained missense point mutations previously shown to disrupt p53 function in human cancers of diverse lineages. Significantly, p53 inactivation was caused by a different mechanism in the remaining two lymphomas. For TL#98, we observed an in-frame microindel, whereas TL#39 harbored a 410-bp deletion that resulted in a truncated protein lacking the DNA-binding domain. These alterations are rare in human tumors with p53 mutation. 63 Although the number of mutations analyzed is small, these findings suggest that the spectrum of p53 mutations may differ in tumors arising in DSB-repair-proficient and -deficient backgrounds. In the latter case, two or more persistent DSBs may result in repair by deletional recombination or by a deletion/ insertion mechanism using nearby sequences. 63 In the future, we will develop alternative experimental systems to quantify the frequency of these complex alterations and the components of the pathway that mediates them. P1 À / À /D À / À tumors also show marked telomere dysfunction, including frequent p-to-p arm TFs. This observation indicates that PARP1 is dispensable for the rejoining of DNA-PKcs-deficient telomeres, although PARP1 deficiency may modulate the frequency of fusions or the nature of the pathway mediating the fusions, a notion that will be addressed in future studies. All chromosomes participated in these fusion events, as expected from their acrocentric structure. 50 Our finding that tumors with mutant p53 tend to have more frequent TFs suggests that p53 may have a major role in limiting telomere dysfunction in P1
À / À / D À / À cells during in vivo tumorigenesis, as previously observed in mice with critically short telomeres. 64 Nevertheless, tumors with functional p53 and/or modest aneuploidy harbored one clonal TF, indicating that TFs can occur and be propagated even in p53-competent cells. More importantly, chromosomes involved in TFs were typically trisomic in these tumors, suggesting that they represent a main mechanism in the generation of aneuploidy. Similarly, we found that chromosomes involved in TFs in p53 mutant tumors have a significantly higher probability of being aneuploid relative to nonfused chromosomes in the same cells, suggesting that TFs and loss of p53 represent independent mechanisms leading to aneuploidy. Finally, p53 status may modulate telomere function in P1
tumors by alternative mechanisms, including the suppression of breakagefusion-bridge cycles, 65 the suppression of polyploidization 66 or others.
In summary, loss of PARP1 in a DNA-PKcs-deficient background results in novel molecular phenotypes not observed in single mutants. Although mice deficient for DNA-PKcs develop lymphoma at low frequency, 24, 67 these lymphomas are proficient for p53, 23 in marked contrast to frequently acquired p53 inactivation observed in double mutants. Moreover, our findings that PARP1 and DNA-PKcs cooperate to suppress deletional mutation in a subset of tumors and chromosomal breaks and translocations in primary cells point to nonoverlapping roles in DSB repair and rearrangement suppression. Future studies will identify the cellular pathways that mediate aberrant repair in cells deficient for PARP1 and DNA-PKcs, and establish the relative contribution of abnormal repair in cis versus in trans to genomic instability in their absence. Finally, our finding that clonal TFs strongly correlate with clonal trisomies of the fused chromosomes, regardless of p53 status, strongly suggests that TFs represent an ongoing source of aneuploidy, a mechanism that may contribute to tumor clonal evolution and resistance to therapy. 
MATERIALS AND METHODS
Animal breeding and irradiation
Mice deficient for PARP1 15 and DNA-PKcs 30 were previously described. All strains are in pure 129/Sv background. To bypass developmental block at the pro-B cells stage in the absence of DNA-PKcs and obtain mature B cells, PARP1
À / À mice were bred to DNA-PKcs À / À mice containing prerearranged 'knocked-in' immunoglobulin heavy chain and kappa light chain transgenes, as described. 16 For irradiation experiments, mice were exposed to a 137 Cs source (GammaCell40, Theratronics, Otatawa, ON, Canada; rate, 0.5 Gy/min) and monitored clinically for 28 days after irradiation. All studies were conducted in accordance with the NIH guidelines and Institutional Animal Care and Use Committee-approved protocols.
Cell culture
For tumor metaphase preparation, fresh tumor tissue was disaggregated mechanically and cultured briefly in the presence of interleukin-2 (100 IU/ml) and interleukin-7 (5 ng/ml). B cells were purified and activated in vitro as previously described. 57 Telomere FISH To prepare metaphases, cells were incubated in 0.1 mg/ml colcemid (KaryoMAX, Gibco, Gaithersburg, MD, USA) for 4 h, swollen in 30 mM sodium citrate for 25 min at 37 1C and fixed in methanol/acetic acid (3/1). Metaphases were hybridized with a telomere probe as described 57 and mounted in Vectashield with DAPI (4',6-diamidino-2-phenylindole; Vector Laboratories, Burlingame, CA, USA). Images were obtained using a Zeiss Axioplan Imager Z.1 microscope (Zeiss, Gottingen, Germany) equipped with a Zeiss AxioCam and an HXP120 mercury lamp (Jena GmbH, Gottingen, Germany) and dedicated software (Zeiss Axiovision Rel 4.6). For quantitative analysis of telomere length, we employed TFL-Telo software (kind gift of Dr Peter Lansdorp) and normalized arbitrary units of fluorescence to kilobase, using two mouse lymphoma cell lines with known telomere length 68 (kind gift of Dr Predrag Slijepcevic).
Chromosome paint analysis
Paints to mouse chromosomes 12 and 14 were purchased from Cambio (Cambridge, UK), and paints to chromosomes 6 and 13 were purchased from Applied Spectral Imaging (Applied Spectral Imaging, Carlsbad, CA, USA). Hybridization was performed following manufacturer's instructions and images were acquired using a Zeiss Axioplan Imager Z.1 microscope.
SKY analysis
Metaphases were first hybridized with a telomere probe as described above, and after analysis, rehybridized with Sky Paint probes (Applied Spectral Imaging), following the manufacturer's instructions. Images were acquired using a Zeiss Axioskop microscope and analyzed using dedicated software (Applied Spectral Imaging). T-FISH and SKY images were directly compared. End-to-end chromosomal fusions were classified as Robertsonian translocation or TF according to the absence or presence of telomere signals at the fusion point, respectively.
Immunoblotting
Cells were washed in phosphate-buffered saline and resuspended in RIPA buffer supplemented with protease inhibitors, sodium orthovanadate and b-glycerophosphate. Extracts were resolved by SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes and incubated with antibodies to mouse p53 (pAb240, Santa Cruz, Santa Cruz, CA, USA) and a-tubulin (Sigma, Saint Louis, MO, USA) following standard procedures.
Amplification and sequencing of genomic DNA and cDNA
Genomic DNA was obtained after phenol/chloroform extraction of tumor tissue and exons 5-10 of p53, containing mutational hotspots, were amplified using published primers 69 and the following conditions: 94 1C 30 s, 55 1C 30 s, 72 1C 45 s, for 40 cycles. RNA was extracted from tumor tissues using Trizol, and reverse transcribed using T17 primer and Superscript III (Invitrogen, Carlsbad, CA, USA), followed by incubation with RNAse H for 20 min at 37 1C. p53 cDNA (exons 2-11) or p19/Arf cDNA (exons 1-3) were amplified using published primers 69 and the following PCR conditions: 94 1C 20s, 651C 60s, 721C 120 s, for 40 cycles. PCR products were purified (Qiagen, Valencia, CA, USA) and sequenced at the Johns Hopkins University DNA Analysis Facility.
Cell cycle analysis
Cells were fixed in cold 70% ethanol, permeabilized in Triton-X, digested with RNAse A and stained with propidium iodide. Data was acquired using a FACSCalibur (BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo software (Tree Star Inc, Ashland, OR, USA).
Detection of p53 by immunohistochemistry
Mice were exposed to 10 Gy of IR using a 137 Cs source (GammaCell40). After 4 h, organs were fixed in buffered formalin and embedded in paraffin, following standard procedures. Immunostaining was carried out with a rabbit polyclonal antibody to p53 (CM5, Novocastra, Newcastle upon Tyne, UK; 1:500) following the manufacturer's instructions, except that antigen retrieval was performed by boiling samples in 10 mM sodium citrate pH ¼ 6.0 for 15 min in a microwave oven. Tissues were counterstained with hematoxylin, and the number of p53 þ and p53 À cells in 5-15 crypts per slide were counted. At least three mice per genotype and condition were analyzed.
Detection of apoptotic cell by the terminal deoxynucleotidyl transferase dUTP nick-end-labeling (TUNEL) assay Deparaffinized sections were digested with proteinase K, incubated with TdT and fluorescein-labeled dUTP (In situ Cell Death Detection Kit, Roche, Branford, CT, USA) and mounted in Vectashield with DAPI. Images were captured using a Zeiss Axioplan Imager Z.1 microscope and analyzed with Zeiss Axiovision Rel 4.6 software.
Statistical analysis
Statistical significance was calculated using Student's t-test. At least three data points obtained from at least three independent experiments were used for each calculation.
